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The antifreeze protein of Lolium perenne, a perennial ryegrass, was previously modeled as a beta-roll
with two extensive ﬂat beta-sheets on opposite sides of the molecule. Here we have validated the
model with a series of nine site-directed steric mutations in which outward-pointing short side-
chain residues were replaced by tyrosine. None of these disrupted the fold. Mutations on one of
the beta-sheets and on the sides of the protein retained 70% or greater activity. Three mutations that
clustered on the other ﬂat surface lost up to 90% of their antifreeze activity and identify this beta-
sheet as the ice-binding face.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction are thought to directly interact with one or more planes of a grow-Antifreeze proteins (AFPs) are deﬁned by their ability to lower
the freezing point of a solution in a non-colligative manner, termed
thermal hysteresis (TH), and inhibit the recrystallization of ice in
frozen samples (ice recrystallization inhibition, IRI) [1–3]. AFPs
are found in diverse species and taxa, all of which share a common
environmental factor: exposure to freezing temperatures at some
point during their life cycle. The best characterized AFPs are those
of arctic and antarctic ﬁshes [4], and terrestrial insects [5], most
notably the yellow mealworm (Tenebrio molitor) and spruce bud-
worm (Choristoneura fumiferana) [6], but certain bacteria [7–9],
plants [10–14] and arthropods [15] living in environments where
the temperature routinely drops below the freezing point have
been identiﬁed as expressing proteins with antifreeze activity. As
well as being taxonomically diverse, AFPs from different organisms
are structurally diverse: they include single alpha-helices, globular
proteins, and beta-helices [1]. The commonality in all of these AFPs
is that each possesses an ice-binding surface, through which theychemical Societies. Published by E
al hysteresis; IRI, ice recrys-
eze protein; IBF, ice-binding
sm
r).ing ice crystal [3].
The C-terminal domain [16] of a perennial ryegrass (Lolium
perenne) protein has been identiﬁed as an AFP (Lolium perenne
antifreeze protein, LpAFP) [12], characterized as to its ice-binding
activities (both TH and IRI), and recombinantly expressed in
Escherichia coli. There are at least ﬁve isoforms of LpAFP found
in the grass [16], and similar regions have been identiﬁed in
two bread wheat (Triticum aestivum) genes [14] and ESTs from
numerous economically important grass species, limited to the
family Pooideae. The mature coding sequence of LpAFP consists
of 113 amino acids, with a semi-conserved seven-amino acid re-
peat: X-X-N-X-V-X-G over its entire length [17]. LpAFP has been
modeled as a beta-roll with two parallel beta-sheets on opposite
sides running the length of the protein, with each full revolution
of the roll consisting of two consecutive repeats [18]. It has been
proposed that one or both of these ﬂat, relatively hydrophobic
beta-sheet surfaces is the ice-binding site of the AFP. These puta-
tive ice-binding planes have been referred to as the ‘a-side’ and
the ‘b-side’ (Fig. 1).
Here we have investigated the validity of this structural model
and attempted to determine which of the potential ice-binding
faces (IBFs) actually possess that activity, via single substitution
mutations to bulky tyrosine residues at multiple sites around the
protein. The TH activity of these mutants was compared to that
of the wild-type recombinant LpAFP, and structural changes to
the mutants were assessed by comparing their circular dichroism
(CD) spectra to that of the wild-type.lsevier B.V. All rights reserved.
Fig. 1. Sequence of LpAFP with repeat motifs aligned such that each row represents
one loop of the helical model. Highlighted are the two beta-sheets suggested to be
ice-binding surfaces. Blue amino acids indicate inward-facing residues, while red
amino acids display the putative IBFs. Boxes surround amino acids that were
mutated to tyrosine.
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2.1. Recombinant expression and mutagenesis of LpAFP
The DNA sequence for LpAFP with a C-terminal 6-His-tag was
cloned into the pET 24a+ vector for expression in E. coli BL21
DE3*. Mutagenesis was performed using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Mutations
were conﬁrmed by DNA sequencing (Cortec, Kingston, ON, Canada;
Robarts Research Inst., London, ON, Canada). Mutant and wild-type
cultures were grown in 1 l of LB media at 37 C with 50 lg/ml of
kanamycin until an OD600nm of 0.6 was reached. Growth was
continued at 24 C until the OD600nm reached 1.0 before protein
expression was induced by the addition of IPTG to 1 mM. After
overnight expression, the cells were harvested by centrifugation
and resuspended in 50 ml of 50 mM Tris–HCl (pH 7.8), 100 mM
NaCl, 1 mM EDTA and 0.1 mM PMSF.Fig. 2. SDS–PAGE analysis of wild-type LpAFP puriﬁcation. Lane M, molecular mass
markers; lane 1, whole-cell E. coli lysate after 16 h induction (10 lg); lane 2,
supernate after boiling lysis (10 lg); lane 3, pellet after boiling lysis (10 lg); lane 4,
liquid fraction after IAP (10 lg); lane 5, ice fraction after IAP (5 lg); lane 6, nickel-
afﬁnity chromatography ﬂow-through fraction; lane 7, pooled nickel column eluate
showing pure LpAFP (10 lg). Note that while LpAFP has a molecular mass of
13.5 kDa, it shows an apparent molecular mass of 26 kDa on Tris–tricine SDS–PAGE.2.2. Puriﬁcation of LpAFP
Wild-type LpAFP and its mutants were typically puriﬁed by a
three-step procedure starting with thermal denaturation. The
resuspended cells were lysed by boiling for 8 min and allowed to
cool to 4 C on ice. The lysate was clariﬁed by centrifugation at
21000g for 45 min and the resulting supernate was diluted
two-fold with distilled water. Active AFPs were extracted from this
solution by ice-afﬁnity puriﬁcation (IAP) as described previously
[19]. Brieﬂy, a brass ‘ﬁnger’ ﬁlled with circulating coolant was im-
mersed into the diluted supernate, and the temperature of the
coolant was decreased from 1.0 to 3.0 C over the span of
approximately 24 h. The resulting ice fraction around the ﬁnger
was melted and passed through a nickel-agarose afﬁnity column
(Ni-NTA Agarose, QIAGEN, Mississauga, ON, Canada) with a bed
volume of 8 ml. After washing the column with two bed-volumes
of 50 mM Tris–HCl (pH 7.8), 500 mM NaCl, 5 mM imidazole, the
His-tagged LpAFP was eluted from the column with 50 mM
Tris–HCl (pH 7.8), 500 mM NaCl, 250 mM imidazole. Fractions con-
taining LpAFP were pooled and dialyzed into 50 mM Tris–HCl (pH
7.8), 100 mM NaCl, 1 mM EDTA. Inactive LpAFP mutants were
recovered from the boiled supernatant by nickel-agarose afﬁnity
chromatography.2.3. TH activity
TH measurements were performed using a Clifton Nanolitre
Osmometer as previously described [20] using a cooling rate of
0.07 Cs/min (equivalent to 40 mOsm/min). TH is the lowering of
the non-equilibrium freezing temperature below the melting point
caused by adsorption of AFPs to an ice crystal’s surface. The differ-
ence in the lower temperature at which there is sudden, uncon-
trolled growth of the ice crystal and the higher temperature
where the crystal melts is expressed in C. The TH activity of mu-
tant LpAFPs is given as a percentage of the activity of the wild-type
AFP. All measurements were performed in 50 mM Tris–HCl (pH
7.8), 100 mM NaCl and 1 mM EDTA. Protein concentration was
conﬁrmed by amino acid analysis (Advanced Protein Technology
Centre, Hospital for Sick Children, Toronto, ON).
2.4. CD
Puriﬁed LpAFP was dialyzed into 5 mM Tris–HCl (pH 7.8) over-
night before being diluted with dialysate to a ﬁnal protein concen-
tration of 120 lM. The samples were examined for CD using an
Olis Rapid Scanning Monochromator 1000 spectrometer (Olis
Inc., Bogart, GA) with the cuvette temperature maintained at
0 C. A minimum of three scans were averaged and the curves were
corrected using the dialysate as a blank.
3. Results
3.1. Puriﬁcation of LpAFP
The ability of LpAFP to refold on cooling after thermal denatur-
ation was used as the ﬁrst and major puriﬁcation step [17]. LpAFP
was substantially over-produced in E. coli and migrated on SDS–
PAGE as the major protein band with an apparent molecular
weight of 26 kDa (Fig. 2, lane 1). The vast majority of E. coli proteins
were precipitated by boiling and cooling and were found in the
pellet (lane 3). The major protein left behind in solution along with
a few minor impurities was LpAFP (lane 2). Subsequent IAP en-
sured that only properly folded protein was obtained in the ﬁnal
yield [18,21]. The ice-bound material (Fig. 2, lane 5) is purer than
that present in the excluded liquid fraction (lane 4). The ice-afﬁnity
puriﬁed LpAFP was then passed through a nickel-agarose column
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6 and 7).
In the process of purifying two of the least active mutants, T53Y
and T67Y, we found that an insufﬁcient level of protein was in-
cluded in the ice fraction after IAP (data not shown). This step of
the puriﬁcation protocol was omitted for these mutants.
3.2. Mutagenesis and determination of the IBF
To locate the IBF of LpAFP, steric mutations were made at points
all around the beta-roll with particular emphasis on the two puta-
tive IBFs. Steric mutations disrupt the discrete surface:surface
complementarity between an AFP and ice and have routinely been
used to deﬁne IBFs [22–25]. Residues substituted by tyrosine are
boxed in Fig. 1 and the beta-sheets are shaded. Tyrosine, which
is not found in wild-type LpAFP, was chosen because it has a large
side-chain and is compatible with beta-structure [26].
Three mutations (T51Y, T53Y and T67Y) were performed on the
‘a-side’ of LpAFP (Fig. 3B) and four (T43Y, V45Y, N72Y and S88Y) on
the ‘b-side’ (Fig. 3D). At least one steric mutation was made on
either edge of the parallel beta-strands that form the sheets
(Fig. 1). Each of the mutants was puriﬁed to homogeneity and
assayed for TH activity over a range of concentrations (approx.
0.5–5 mg/ml). Two mutations made to the ‘a-side’ (T53Y andFig. 3. TH activity of LpAFP mutants. (A) Activity curve of mutations performed to the ‘a-
shown on the top. Mutations to tyrosine are shown by stick representations, illustrating
mutations performed on the ‘b-side’ as well as the control mutation, T62Y. (D) Struc
constructed using PyMOL v1.02 [34].T67Y) resulted in a dramatic decrease in their TH values (<10% of
wild-type, Fig. 3A) and failed to be incorporated into the ice frac-
tion during IAP. The other mutation performed to the ‘a-side’
(T51Y) resulted in less than 50% of wild-type activity. In contrast,
steric tyrosine mutations targeted to the ‘b-side’ (T43Y, T45Y,
N72Y and S88Y) had a much smaller impact on antifreeze activity,
with most mutants showing at least 70% of wild-type activity over
a range of AFP concentrations (Fig. 3C).
Two additional mutations (T62Y and S55Y) were made to target
the surfaces between the beta-sheets (Fig. 3B and D). These off-
sheet locations were in the centre of the molecule to maximize
any steric inhibition. T62Y and S55Y had similar activities to the
b-side mutants (approximately 70% of wild-type).
3.3. Determination of folding-status of mutants
To ensure that the mutants were properly folded, and thus val-
idate the mutagenesis work, CD was performed at 0 C on selected
mutants and wild-type LpAFP (Fig. 4). The resulting spectra of the
mutants showed curves almost identical to the ones observed with
the recombinant wild-type LpAFP, indicating that the mutants
were properly folded. This CD spectrum has a minimum at
219 nm and a maximum at 200 nm and is red-shifted by 4 nm
relative to the characteristic beta-sheet CD spectrum [27,28].side’ as well as a control mutation, S55Y. (B) Structural model of LpAFP with ‘a-side’
how they can sterically disrupt protein-ice complementarity. (C) Activity curve of
tural model with ‘b-side’ on the top, showing tyrosine mutations. Models were
Fig. 4. Circular dichroism analysis of the wild-type LpAFP (Wt) as well as
representative mutations from each face of the protein (‘a-side’ T67Y, ‘b-side’
V45Y and ‘Control’ T62Y). Plotted as 103 molar ellipticity (degrees cm2 dmol1) vs.
wavelength.
818 A.J. Middleton et al. / FEBS Letters 583 (2009) 815–8194. Discussion
This research lends credence to the beta-roll model proposed by
Kuiper et al. as none of the nine mutations performed in this study
disrupted the folding of the protein [18]. Each mutation was per-
formed on a putative solvent-exposed residue such that a small
side-chain was replaced by the much bulkier tyrosyl side-chain.
Previous mutagenesis work performed on a beta-helical AFP iso-
lated from Marinomonas primoryensis demonstrated that mutating
an inward-pointing residue from a small side-chain to a larger
residue resulted in a signiﬁcant mis-folding discernible by CD
[25]. The core of LpAFP as proposed in the model is small, consist-
ing of interlocking valines ﬂanked by asparagine ladders. The pro-
trusion of a tyrosine into the centre of this fold would likely be
extremely disruptive. None of the alterations performed to LpAFP
resulted in a signiﬁcant change to the CD spectrum (Fig. 4).
Additionally, the CD spectrum of LpAFP resembles a beta-structure
proﬁle, consistent with the presence of two extensive parallel
beta-sheets running the length of the protein [27,28].
AFPs interact with ice using a speciﬁc surface of the protein,
which is relatively ﬂat and hydrophobic, and shows a high level
of order [29]. Previously, IBFs of other AFPs characterized to date
have been successfully identiﬁed using similar steric mutations
[22–25]. In particular, three other beta-helical AFPs show conser-
vation of two rows of regularly spaced amino acids on their iden-
tiﬁed IBF [6,25,30], and different repetitive patterns are seen
with alpha-helical AFPs [31]. The examples most relevant to LpAFP
are the insect AFPs that have two rows of threonine along their ice-
binding beta-sheet that are complementary to two speciﬁc planes
of ice [32,33]. In contrast, the outward-pointing residues on both
beta-sheets of LpAFP are not nearly as regular. Although there
are several threonine in the two ranks of solvent accessible resi-
dues on both the ‘a’ and ‘b’ sides, there are also many valines
and serines, and a few other residues.
Indeed, the theoretical model shows that both sheets have some
structural features characteristic of IBFs – ﬂatness, hydrophobicity
and some structural regularity. This makes identiﬁcation of the IBF
of LpAFP difﬁcult, which is why Kuiper et al. suggested that LpAFPmight have two IBFs [18]. This mutagenesis study, however, dem-
onstrates that the IBF of LpAFP is located on the ‘a-side’, and that
the ‘b-side’ is not directly involved in ice afﬁnity.
For each mutation performed to the ‘b-side’, a modest decrease
in activity of approximately 30% was observed (Fig. 3C). However,
similar decreases in activity were observed with the twomutations
made off the beta-sheets on the sides of the protein. Additionally,
decreases in activity with control mutations were observed in
other IBF-discovery studies [22–25]. For example, the off-site
T44Y mutation made to T. molitor AFP had 70% of full activity
[24] and two off-site steric mutations (T48L and T66L) made to
spruce budworm AFP had 60% of full activity [32].
Structural models are a vital tool in elucidating the structure
and function of proteins. Here we have used the model of LpAFP
to design mutations which have tested and conﬁrmed the overall
fold of the antifreeze, and at the same time have revealed that
the protein binds to ice via its ‘a-side’ and does not employ two
IBFs as originally proposed. From here on it will be necessary to
solve the structure of LpAFP to understand why the ‘a-side’ ﬁts
ice and the ‘b-side’ does not. Nevertheless, the identiﬁcation of
the IBF of LpAFP will direct attention to that surface of the protein
for ice-binding simulations, and provide clues to the mechanism of
AFP binding to ice.Acknowledgements
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